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FORWARD

Between 1975 and 1977 scientists at the Rosenstiel School of
Marine and Atmospheric Science, University of Miami, were involved at
the request of Colombian authorities in matters related to the apparent
increasing degradation of the environment and resources of Cartagena
Bay, especially those related to mercury and chlorinated hydrocarbon
pollution. Local studies had been fragmentary and lacked the co-
ordinated multidisciplinary approach needed to provide baseline data
for development of a management plan for the Bay area. However,
Colombian scientists, technicians and university students were
dedicated and enthusiastic in wishing to protect and conserve the Bay
environment and resources, and thus were anxious to receive help and
advice. Subsequently two events pointed to the need for urgent action
and these were: (i) in mid-1977 the closure of the local alkali plant
(source of mercury pollution) and (ii) the findings of the FAO-~Swedish
scientific team on the sources, nature and probable extent of con-
tamination of the Bay.

The International Sea Grant program became operational in 1978
and a proposal was submitted to that program for the University of
Miami to assist Colombia, based on our earlier study of Cartagena Bay.
The proposal entitled "Marine Resources and Environmental Sciences
Training and Information Exchange Program in Colombia" was accepted
for funding for a 2-year period from 1 November 1978 with a subsequent

extension for an additional year (3 years in total).



The general objective oftheproject, through a cooperative
training program, was to enhaﬁcé the capability of Colombian scientists
and tééhnicians to better deal with environmenﬁal and‘resources pro-
blems in the coastal zone. The épecific project objectives, on a
cooperative basis were (a) to provide a shqrt.series of lectures/
seminars with related discussio; periods, on the principles of multi-
diéciplinary mariﬁe resourcesAand-environmental studies of tfopical
coastal areas such as CartagenavBa§,'as well as by using case histories
: from other applicable areas; (b) tb provide on-the-job training in the
éesign,-pianning, execution and coordinatibn_of field and laboratory
programs to provide the data base necessary for development of
managemeﬁt plans for the coastal environment and resources, through a
Bfoadfscéle iptegrated study of Cartagena Bay.

The firs; project.objective was achieved with the successful
hqldingAbfvthe training course at the Colombian Navy's Center for
- Oééanographic and Hydrographic Research, Cartagena, from 17-27 April
»‘1979. ‘Thevcourse consisted of 40 ome-hour formal lectqres; four each
ﬁorning; followed by 3-4 hours of informalvdiséussion each afternoon

A'in two‘ingerchaﬁging disciplinary groups (physical/chemicﬁl and
'bioloéical). Thirty~five undergraduate students and ten faculty
'  from seven Colombian universities and one feséa?ch group attended with
aﬁ‘additiopal 20—25 persons (scientists, technicians, Naval Officers)
'1présent_each aay. Lectures covered fieldé 6f.hydrodynamics, chemistry
of séa water and pollution, marine biology/ecology, pollution biology,

marine geology and public affairs. Some 21 instructurs were involved,

ii



™

L - j 7 "

17 of them from Colombia,

The second project objective was to undertake, as a training pro-
gram, a broad-scale integrated multidiscipiinary study of the environ-
ment and resources of Cartagena Bay, The field work related to this
study was completed in May 1981; analyses and interpretation of the
data are continuing, This present report on '"Water Motion and Related
Phenomena" is the first to result from the overall program,

Support of the project from the International Sea Grant Program,
NOAA, U.S. Department of Commerce, under Grant No. 04-8-M01-166 is

gratefully acknowledged, 1In addition, the financial and technical

support of various groups in Colombia should be reécognized in particular

the Comision Colombiano de Oceanografia (CCO); Direccion General
Maritimay Portuaria (DIMAR); Centro de Investigaciones Oceanogréficas
vy Hidrograficas (CIOH); Fondo Colombiano de los Recursos Naturales
Renovables (INDERENA); Fundacidn Universidad de Bogota Jorge Tadeo
Lozano (Seccional del Caribe, Cartagena); Universidad de Cartagena.
Sincere appreciation must be expressed to Captain de Navio (R) Josue
C. Aguirre Serrano,. who was Port Captain, dhriﬁg the preliminary and
project phases of the study, for his unfailing support and advice at

all times.
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1. Abstract

An interdisciplinary project is undertaken with the objective of
training Colombian personnel in dealing with pollution impact in coastal
and estuarine waters. This goal will be approached through the transfer
of technology from University of Miami in the form of formal and informal
short courses and practical experience by involvement in a baseline study
of Cartagena Bay.

The accomplishments and findings described in this report result
primarily from the hydrodynamic effort while water chemistry, biological
chemistry, biology, and geology are described in parallel reports.

To introduce the Colombian trainees to coastal hydrodynamics a
series of 10 lectures were presented in April 1979 at the Center for
Oceanographic and Hydrographic Investigations (CIOH) in Cartagena..
These lectures were followed by several seminars covering the theory,
data collection,data analyses, and modeling throughout the duration of
the project.

A field sampling program is designed to monitor the main variables:
currents, salinity-temperature, tides and tgrbidity on a regular basis.

The collected data show that the hydrodynamic characteristics
of the Bay are strongly influenced by the freshwater inflow of the
Canal del Dique. During periods of significant canal discharges the Bay
exhibits a two layer stratification. This stratification is of major

importance in understanding and describing the flow patterns in the Bay



as driven by tides and wind.

‘A twpléyer vertically integrated finite element model is adapted
to the Bay.and applied'td tybicél fide and wind forcing conditioms, .The
tides effect a slow flushing on the order éf 10 days in the surface-layer
- while minimal flushing isvfoundvin the bottom layer. The difference is
~ thought to be dué‘to the subﬁerged sill_ét Boca Grande. On .the other hgnd,
- addition of wind creates significant particle displacemeﬁﬁs in both
surface and bottom, thoﬁgh.in different directions.

The model provides a'possibleglueto the‘breakdown of fhe
-stratifiéation during the dry winter months, through a tilt of the
interfacé.Que ﬁo barotropic wind response,
| Einally, new evidence 1is found'that the water entering from Canal
dglvDiqué,,though. frésh, can dive uﬁder the Bay surface water due‘to

'its sediment load.



2. Introduction

Located on the Caribbean coast of Colombia, S.A., the city of
Cartagena and the neighboring bay plays an important role in that
country's economy. During the Spanish colonization period remarkable
ocean engineering projects were undertaken in an effort to protect the
city of Cartagena from the attack of pirates, A submerged rock wall,
over a mile long, was erected across the northern entrance to the Bay
at Boca Grande, Fig. 2-~1, to keep ships from entering, This wall is
still in place and is an important hydrographic feature in that it limits
the depth through which Bay water can exchange with the ocean to one or
two meters., Inside the Bay, the water is quite deep 25-30 m except close
to the shores. This characteristic along with good natural protection
against large waves make the Bay an excelleﬁt hérbor. The narrow inlet,
Boca Chica, in the south is close to 20 m deep and serves as the navigation
channel for ships entering and leaving the Port of Cartagena. Given these
advantageous conditions it is not surprising that the Port has become one
of the largest harbors of Columbia, A number of industrial plants that
depend on the shipping facilities have developed along the east coast of
the Bay. The shoreline to the north is heavily developed into residential,
commercial aﬁd resort type communities. The remaining shoreline to the
south and on Isla Tierra Bomba is relatively undeveloped with small
villages only.

Tha bay is approximately 14 km long and 6 km wide with an average

depth of about 20 m, It is irregularly shaped and has several small
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embayments, the largest of which forms the inner harbor in the north.

The Canal del Dique, which leads water from the river Magdalena in the
northwest to the southeastern corner of the Bay was originally dug by the
Spaniards to allow boats carrying treasure to reach Cartagena without
venturing out into the Caribbean and the waiting pirates. This canal is
now a significant source of freshwater and sediment which gives the Bay
characteristics similar to those of an estuary.

The extensive urbanization and industfial development have inflicted
stresses on the Bay environment., Pollution from domestic and industrial
waste is significant but to a large extent not quantified directly. One
exception is mercury contentywhich was found to be at dangerdﬁsly high
levels at least in fishes during an earlier study, FAO/CCO 1978.

In response to the need for better understanding of the present
condition of the Bay and to train Colombian professionals in dealing with
coastal and estuarine environmental problems tﬁe University of Miami With
support from International Sea Grant joined together in a cooperative
program with the Colombian agencies steered by'the Colombian Oceanograhpic
Commission (Comision Colombiano de Oceanogréfia, CCO0), UM and CCO would
work together in an interdisciplinary effort to carry out a baseline study
of the physics, chemistry and biology of the Bay, with training of
Colombian personnel being of primary concern,

This report is one of the several resultiﬁg from this project and

details the hydrodynamic aspects of the problem.



The development of an unde;standing of the hjdrodynamic transport
and.mixing is' an essential phase of. the ovérall effort to formulate a
: watef quali;y model of the Bay; S;ch a model is an invaluable tool for
develoﬁing an understanding of the underlying processes, for data inter-
pretation, and for evaluating the impact of management alternatives
for the,ﬁay énd its'adjacent waters. |

While the overall objecti?e of this p:&ject is to determine the
state of Qatef quélity in the Béy, the processeé that affect it,.and
‘the'rates at which changes take place; the specific objective addressed
. here relates ﬁo the hydrodynamic‘forcing and response.pf the Bay,
Pérticulérly,-one would like to determine why, where and how fast a water
particle moves (transport and mixing), and wﬁét the rate of exchange of

watér between different areas is(flushing).



3. Technology Transfer

As an important part of this project a series of lectures were given
to introduce the concepts of coastal hydrodynamics applied to estuaries
and bays. These formal lectures were presented in April 1979 to an
audience of approximately 50 students of Colombian Universities and navy
personnel. The lectures were supplemented by subsequent open discussions
of the lecture material.

Through active participation in field measurement exercises and data
analysis, further practical training was given to the staff of CIOH
(Centro de Investigaciones Oceanograficas e Hydrograficas). This training
was amplified by informal lectures on numerical methods and modeling given
extemporaneously throughout the duration of the project.

A brief description of the above mentioned activities are now

presented,

3.1 Short Course

A total of 10 lectures weré given in cooperation with the CIOH staff.
The lectures presented the rationale for studying coastal hydrodynamics
and a qualitative description of the commonly encountered phenomena such
as, tides, wind driven currents, dispersion, stratification, data collection,
data analysis and modeling, Additional lectures presented the background
information on Cartagena Bay and previous work,

As progress was made in the research activities subsequent informal
lectures on data analysis, data interpretation, numerical analysis and

modeling were presented.
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Summaries in Spanish of the formal short course lectures will be
.given in a separate publication:

3.2 Salinity Comput#tion from Temperature and Conductivity

The'CIOHbequipment for measuring water mass characteristics consists
of a Kahlsico iﬁstrumént which measures condﬁctivity and teﬁperature_from
é prbbeQ

Although it is possible to obtain the salinity Ey using appropriate
graphs it is more efficient to computerize the conversion for large
iqqantities ofvdata. |

Weyl (1964) derived this empirical formula

0.57627 + 0,892 log CL(°/o0)

log Ks =
- 1074 T [88.3 + 0,55 T + 0,0107 T
- CL(%/00) (0.145 - 0,002 T + 0,002T%)] (3.1)
wherg>A' ' KS ='sbecific conductance in millimhos per cm
T =25-t |
t = temperature in Celcius

'The-chldfinity Cc2 is‘converted‘to salinity by the expression,
(Cox 1965): | | |
s ©/00 = 1.8065 C2°/00
‘.’Equatioﬁ (3,1) .is rearranged ‘ .
£(co) = 8920 log ¢ (°/oo) + AT ¢t (°/00)
- T[88.3 + 0.55 T + 0.0107 T°]

- 10* [log K_ - 0,57627] = 0 (3.2)



where A=0,145 -~ 0.002 T + 0,002 T2

This equation (3.2) is solved for Cf by using a Newton-Raphson

iteration. The derivative of (3.2) is

1 1 +
2nl0 CL(9/00)

f£r(ce) = 8920 AT ‘ (3.3)

The procedure for finding the chlorinity then consists of

1. Obtain initial estimate of CR = Ks/3
2. Compute f(CR) from (3.2)
3. Compute f£'(C%) from (3.3)

4. Compute new estimate of chlorinity

_£(cp)
£1(Ce)

The iteration is restarted at step 2 until a sufficiently accurate

CL =QC

estimate is achieved usually in less than 10 iterations.
The listing of a FORTRAN program which carries out the above pro-

cedure on any standard computer is presented in Appendix A,

3.3 Harmonic Analysis

Although small in range the tides may play an important role in the
circulation of Cartagena Bay due to their persistence. In order to pre-
dict or hindcast the tides at a location, e.g. for the purpose of
specifying boundary conditions for a model, it is necessary to have the
appropriate tidal harmonic constants,

The technique briefly reviewed here for obtaining the harmonic
constants from a measured time series is described in more detail by

Dronkers (1964),
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Let the measured time series be given by y(n), n % 1, 2 ... N. The
predictor to be used is

(2m
{Ai cos_(T- n At) + B

sin (%?—n At)}
1 .

1

&

_ N
_z(n). Ao =1 i
. Wwhere At is the sampling_in;erval and Ti are the astronomical tide periods

for which the harmonic constants, A, and B

1 i,.arg_desired.

' The harmonic constants are determined using the least squares method

~ such that-

2

E = (y(w) - Z(u)_)2

=1

o1

'is minimized, This is achieved when

3E  _ 9E

3A. 9B,
L 1

=0 for i=0,1, ... I

These.21+lvequat10ns are solved simultaneously for the A's and B's.
The FORTRAN listing of a program that performs a least squares

harmonic analysis is contained in Appendix B.

- 3.4 Modeling
The use of models is esseﬁ£ialﬂfof the analysis of Circulation in a

éomplicaéed water body_such as Cartagéna_Bay..-TbE‘modéls can be a
significént a;d iﬁ ihterpreting.fieid measuremeﬁts and are invaluable
'iools for.predicting'pqrposes.

| A set of numerical finite elgment models are available and could be
'édapﬁed to the Bay. These iﬁclude a 2-D Verfically integrated hyd;b-
dynamic model Wang (1978), a.two 1ayer-2—D vértically integrated hydro-

dynémic model Wang (1975) and a 2-D vertically integrated dispersion model
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Leimkuhler et., al. (1975).

The transfer of these models to the staff of CIOH was hampered by
lack of a suitable computer at the Naval Academy and also disrupted by the
transfer of personnel since the people with a background in oceanography
usually are career officers,

Nevertheless a number of informal lectures were presented to
Tn. Medina, Tn. Urbano and Mr. Pagliardiniof CIOH. These lectures coyered
numerical techniques, mainly finite difference methods, and the formulation
of hydrodynamic model equations.

In September 1981 Tn, Medina spent one week in Miami learning to use

the two-layer model for Cartagena Bay and to produce a user's manual.
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4. Data Collection

‘Information on a number of parameters governing the flﬁw or deline-
ating the flowvresponse in Cartageﬁa Bay was collected.

In order to include seasonal effects an attempt was made to carry
out the'field work on a qﬁarterly basis and over a duration'of 2 years so
_that the repeatabilit? of observations also could be established, Thé
first sampling period took place.in June and July of 1979 and the last in
May of 1981, After initial coordination and supervision the field effort
was carried out by CIOH staff and coﬁies of the raw data transmitted to
‘University-of Miami for further analysis.

4.1 Canal del Dique

This man-made canal which connects the River Magdalena with Cartagena
‘Bay plays severa; impor;ant>roleé in the water quality of the Bay. It is
the méjor source of freshwater and probably. also of non—marine.sediment to
VthevBay,‘

Due £0 very shallow depth (1 to 2 m) at places only minimal boat»‘
.tréffic takes place in- the lower most reach of the canal, coﬁsideration is
-ﬁeing given to deepen the canal for deeper draft vessels.

| The‘dischérge in the canal is primarily governed by the rainfall in
“the River Magdalena'slcatchment areas, The discharge rates for the years
1975—1978 és inferred from measuredlstages are shown in Fig. 4,1. It is
estiﬁated that apbroximately 1/5 of the flow ét.Incora reaches the Bay.

No records are évailable'after 1978,
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Along‘with_the canal fresh water a large amount of sediment is
‘ brodght intovthe Bay, The transport rates vary with flow rate but may reach
close to 3000 kg/s during peak periods, About 22000 m3/year of sediment
enters the Bay as bed load and it is estimated that the total load is
approximately 330000 m3/year. If all the sediment was spread evenly over
the bottom this would roughly correspond to an aécumulation of 4 mm/year.
In reality an ﬁnknown qugntity of sediment is probably exported from the
Bay‘fo the adjacent ocean.
: 4.2 Rainfall
Thé ave?age mopthly rainfall measured over 31 years at Crespo

;ifport, Cartagena and over 14 yéars at El1 Banco, Magdalena provins are
shqwnAin Fig. 4;2;
4.3 Wind

| . The winds in the area show a distinct seasonal pattern with é strong
sustained wind out of the north dﬁring.wintef and lighter more variable
winds géﬁerally_out of the south—soﬁthwest the rest of tﬁe year. Some sea
-bfeeze'effect is also noticeable.
4.4 Tides

Tidal elevations were recorded at Isla Tiérra Bomba near Boca

Grahde and at the .pilot house dock at Fort San Jose near Boca Chica, The
tide gaugés were Stevens Type F water level recorders. This gauge operates
on the float system and records ghe elevations on a graph ﬁaper, '

| :Attempts‘were made to measure:;idal elevations at the two statlons

'<simu1taneousiy and over a month long duration. However, due to varilous
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‘malfunctions this was not possible.

'Useful_data were obtainedvfrom the Boca_Grande gauge for the period
09:00, July 22, 1980 to 21:00 August 19, 1980.

The Boca Chica gauge produced data from 10:30 Sgptember 16, 1980 to
10:30 October 13, 1980. |

Figures 4.3 and 4,4 sﬁow plots of parts of the data. Unfortunately,
- no ovérlap waé obtained during this period. Short periods of overlapping
Qéta were obtained during October 1980. The longest uninterrupted period
is>shown in Fig; 4.5.

Attémpté to obtain tidal data from thé'Bay interior were unsuccessful
becéuse of difficulties with,gaugé operatioﬁ and servicing. The mean tide

range in the.Bay is about 20 cm, while the mean diurnal range is 33 cm.

4,5  Salinity-Temperature-Depth Profile

" Profiles of conductivity salinity and temberature were measured
N against depth on a quarterly basis, A Beckmgn~RSS—3 portable instrument
and’a'Kahlsico instrument were used. Although, the Beckman is a far
superior.instrument which gives direct salinity readout the Kahlsico had
to be used when'the Beckman was;unavailable.

 Due to thé'smallvtidal range and motion it was found that profiles
‘takeﬁ during‘high ﬁéter slack and low water slack were undistinguishable.
Each Sampling pefiod covered the 12 stations_éhbwn in Fig., 4.6.

The raﬁ'data are tabﬁlated in Appendix C and plotted in Figs. 4,7ato

4.78. Due to lack of proper calibration or instrument inaccuracy several
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CARTAGENA

_ ISLA TIERRA BOMBSA

@ Conductivity-Temperature~Salinity Profiles
-.@ ~~Salini1y—Temp6rotuie-Ve!ocity Profiles
(@ Tide Gage Station o

M2  Recording Current Meter Station

Fig., 4.6. Hydrographic sampling stations in Cartagena Bay
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readings of salinity were 37% or above, Since laboratory analysis of
water samples taken for the chemical analysis did not show such high
valﬁe the plotted data are corrected to yield similér maximum salinity
vélues. The correction was made by making the maximum salinity in a pro-
. file equal to the maximum value found in the laboratory and subtracting
the difference from.each of the values in that profile. The absolute
_valﬁe'for salinity in a profile is tﬁerefore subject to some inaccuracy,
however the relativg variafion of valuéé within the profile should be
reasonably}acéurate.
4.6 Drogues
| A number of drogue studies'were carried out in June and July 1979.

One study gonsisted of the deployment and tracking of three drogues placed
athdiffereng depths. The drogues were made by joining two square bieces
"of plywood at_a right aﬁgle to form a cross. Weighted and ﬁied with a
string to a sﬁrface buoy the drogue is assumed to follow the path of the
'surfounding water particles, |

Tracking of the drogues was accompiishéd by shooting sextant angle
from a boat to fix poiﬁts on land. The observed drbgue paths are shown
in Fig; 4.8. Singe cbnsiderablelinaqcuracy is iﬁherenc.in this positioning
system ;he'relative drogue motion is more significant than the absolute.
motidn. The wind dqring the measurements is listed in Table 4.1.

The drogue experiments were carried out under the charge of Ricardo

_Parra‘Suarez of CIOH.
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Table 4.1. Wind speed and direction during drogue
' experiments. '

Wind Wind
Date Time |Direction {Speed km/hr Date Time Direction BSpeed km/hAf
June | 0900 SW 5 July | 09:00 -Calm
22 -10:20 SW 7.5 3 . 10:00 W 3
11:15 SW 6. 10:30 S 3
14:10 Sw 8 11:00 Calm
15:06 SW 9 12:30 SW 7
15:33 NW 8 12:45 Nw 3
-16:00 NW 10 13:00 NW 10
15:00 Calm
23 " 10:00 Calm ‘
11:05 1 sw 10 4 - 11:07 SW 10
12:10 SW 10 12:42 o 5
~13:11 SW 12 :
14:45 Calm
15:53 N 10
25 10:30 Calm
10:55 Calm
12:00 Calm
13:20 . NW 10
14:15 | NW 10
15:35 . NW 10
26 09:20 Calm
10:00 Calm .
11:00 SE 3
11:45 Calm '
12:00 NW 8
14:35 NW 10 -
28 . |.11:15 W 7
13:45 W 7
15.:00 W 6
15:20 W 6
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4.7  Currents

Current velocities were measured at a number of locations shown in
Fig. 4.6. Two modes of operation were employed., One consisted of using
a portable electromagnetic current meter (Marsh-McBirney) from an anchored
boat. The direct read out feature of this system is an advantage. Also,
the ability to carry out vertical profiling and to choose sampling stations
irrespective of ship traffic is of importance. The major drawback of
using this mode of operation are the relatively short continuous sampling
periods and the susceptibility to interference by surface gravity waves
that rock the boat, This latter effect, in fact, made it impossible to
obtain good data at Boca Grande since waves always seem to be significantly
present there,

Figure 4,9 shows the measured velocities at Boeca Chica, D of Fig. 4.6,
and Fig. 4.10 shows velocities near Caho de Loro, C of Fig. 4.6.

In a second mode of operation a moored recording current meter was
used to obtain a longer time record less subjected to interference from
surface waves. The current meter used is a Sea Trak Savonius rotor in-~
strument produced by Hydroproducts, It was installed in the narrowest
section of the Bay in front of Punta Arenas using a taut mooring system
with a subsurface buoy, see Fig. 4.6. The meter was first placed at
approximately 20 m below MSL for 14 days, then moved to 4 m below surface
for another 28 days and finally back down to 20 m, During this latter
installation an Inter-Ocean current meter was placed simultaneously at 4 m.

Unfortunately, the Inter-Ocean system never recorded any useful data.
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Fig. 4.10, Measured Velocities.
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In the first deployment at 20 ﬁ depth, the Sea Trak cufrent meter
‘malfunctioned;aqd ﬂd velocities weré_recorded.i Howéver} the following

A deployménts were apparently mbre'succeséful pféviding more than 20'days
of»data‘at 4 m'depth starting June 4, 1981, Fig. 4.11, 15 days of data at 20m
:depth starting July 8,_1981; Fig.‘4.12'and about 2 days of data at 20 m
erth néavaocé Chica startihg_July 23, 1981. At Boca Chica the current
meter stopped working on the third da&.» The céﬁductivity and pressure
moﬁitoring syStemsAwerg malfunctioning during all the observations.

: it was inténded that during the deployﬁgnt of the recording meter

weekly profiles would be taken w;th the.portéble current meter and S.I.D.
ﬁeﬁer in ordéf to compare the measufeménts and to develop a'picturé of the

' vertical structure. These profiles were not made.

4.8 Turbiditz
fhe turbidity QfIWQter sampies collected at afproximately 40 chemistr&
sﬁations were:ﬂeterminea using.a 1éboratory néphélometer made by Hach.
'Thé-mgasﬁreménts were. carried out fof July and October 1980, and January and
May 1981. The résults obtained -from sufface and ‘bottom samples are shown iﬁ
Figs. 4.13 a~h,

Thé measurements were done mainly to provi&e a ﬁualitative picture
of the'tﬁrbidity distribution_and possible sink or source areas. Hence,

no .attempts were made to relate turbidity units with actual contents of

solids. -
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CARTAGENA

SURFACE TURBIDITY (JTU)
July 1980
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from
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Fig.4.13a. Observed Turbidities
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CARTAGENA

BOTTOM TURBIDITY (JTU)
July 1980

SLA TIERRA BOMBA

Fig. 4.13b. Observed Turbidities
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Fig, 4.13c. Observed Turbidities,
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Fig. 4.13d. Observed Turbidities.
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CARTAGENA
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Fig. 4.13e. Observed Turbidities.
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CARTAGENA
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Fig. 4.,13h. Observed Turbidities,
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5. Analysis of Data

The most striking feature of the data which is of importance to the
hydrodynamics of Cartagena Bay must be attributed to the vertical
stratification. The exclusive cause of the strgtification is due to the
Canal del Dique inflow since other runoff and sewage disposal (about 1.2
m3/sec) are comparably small,

Since stratification is a function of freshwater inflow and energy
available for mixing, mainly from tides, it is.useful to compare the
freshwater inflow volume during a tidal cycle with the tidal prism. A
typical inflow rate from Canal del Dique is QF = 100 m3/s during the wet
season. During one tidal cycle corresponding to 45000 sec this translates
into a volume of VF = 4.5 106 m3, The tidal prism, which is the volume
of water entering the bay from the ocean during flood, can be approxi-
mately determined if the bay surface area and tidal harmonic constants
are known. The surface area of the Bay is measured as 82.6 - 106 m2.
Because of the relatively small size of the Bay .compared to the tidal
wave length, the water surface inside the Bay can with good approximation
be assumed horizontal. Then, the tidal prism is simply the surface area

multiplied by the tidal range, P = A.H = 82,6 ~ 106 » 0.2 =16.5 - 106 m3.

v

Since P is only 4 times V, it is clear that the water in the Bay will be

F
strongly stratified, Of course there are other times of the year when
VF is very small and we would then expect to have a partially stratified

or well-mixed situation. This qualitative analysis is well borne out by

the measurements of salinity and temperature,
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The effect of the stratification is clearly observed in the plot
of drogue tracks, Fig. 4.8 which shows that the velocity in the surface
layer is quite different from the velocity near bottom in both direction
and magnitude.

A stably stratified water body requires energy to mix it up, other-
wize it tends to reduce mixing compared to homogeneous water., This is of
particulaf importance for Cartagena Bay which only has one narrow opening,
Boca Chica deep enough to effect exchange with the ocean, while Boca Grande
is only 1.5 to 2 m deep. It is therefore expected that the deeper denser
layer of water in the Bay will exchange only very slowly. Some reprieve
is obtained during winter months, the dry and windy season, when vertical
mixing can take place.

Based on the measured salinity-temperature profiles, the Bay may
be considered as a first approximation as a two layer system. The gurface
layer contains a significant amount of freshwater and has an increasing
salinity with increasing depth below surface. At a certain depth the
salinity becomes almost constant and this portion is denoted the bottom
layer. It is apparent that the thickness and characteristics of the
surface depend strongly on the Canal del Dique inflows. However, attempts
to correlate these parameters failed because it was impossible to obtain
the canal flow data from HIMAT, (Instituto Colombiano de Hidrologia,
Meteorologia y Adecuacion de Tierras) for the period of our field work.
The discharge rates for previous years shown in Fig. 4.1 are highly

variable and do not allow a reasonable extrapolation to be made., The ST
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profiles seem to show a typical surface layer depth of about 8 m, which
is fairly constant throughout the Bay.

A rough estimate of flushing time for the top layer can be made
using an average freshwater inflow rate and the volume of freshwater in
the Bay. Flushing time is here defined as an average time for ex~
changing all the water particles inside the Bay with ocean water,

A reagonable average salinity value for the surface layer is taken
as 31 ppt. Assuming the ambient ocean salinity to be 36 ppt the volume
of freshwater in the Bay

36-31
F= 36 "V

v T

where VT is the total volume of the top layer,
vV, = 82,6 - 106 + 8 = 661 106 m3

T
ThenVy = 92 . 10° u’ and the flushing time T = V,/Qq = 920000 sec = 11
days,

The flushing time in the bottom layer cannot be estimated in this
manmer and a guess can only be made that under stratified conditions the
bottom layer exchanges very slowly, on the order of months,

The interior current meter measurements were to be used for more
quantitative estimates of exchange rates and for verifying a numerical
model, ]

A detailed analysis of the current meter data might provide more

quantitative estimates of long term residual currents. However, a complete

digitization of the data is a tremendous job which is beyond the scope of
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of this project. Only short periods have been plotted for analysis
and model verification.

Figure 4.11 shows the N-S and E-W current components measured 4 m
below surface over two days at Punta Arenas, station Ml. A mixed tide is
apparently discernible although other signals are quite strong in the N-§
current. A typical tidal velocity amplitude in this direction is 6 em/s.
In the E-W component the tidal signal is very weak, however this is in a
direction perpendicular to shore and therefore not surprising.

Figure 4.12 shows the N-S and E-W current components measured 20 m
below surface at Punta Arenas. Little visual correlation can be found
between the velocities and the tide also shown in the Fig.4.12. The large
amplitude non-tidal current oscillatiors are possible due to meteorologically

forced surges and internal waves. The time scale of these fluctuations is

2-3 hrs. An estimate of the period of an internal seiche can be obtained

/ H H
assuming the speed of the internal wave to be ¢ = Ap g-—l—g——— H. and

p (H1+H2) 1

H2 are the bottom and surface layer depths respectively. In our case we

may take H, = 20 m and H2 = 8 m. The density difference between the two

1
layers is primarily governed by the salinity difference which we take as
36.5 - 31.0 = 5.5 ppt resulting in Ap = 4.5 kg/m3. With the characteristic
values we obtain c = .5 m/s. As characteristic dimensions for the Bay we
choose the length L = 14000 m and the width of Punta Arenas W = 2500 m. The
corresponding seiche periods are Tl = 15.6 hrs and 2.8 hrs. When a complete

analysis of the current meter recordings is made, the importance of internal

seiches will be better understood,.
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Turbidity data were collected in order to identify source areas and
possibly to develop a qualitative idea of water motion and mixing
characteristics. The Canal del Dique discharge is a large known source of
suspended solids, At times, an extensive turbid plume can be observed on
the surface in the southern part of the Bay. At other times, a very small
turbid zone exists with an extremely sharp boundary to the ambient water,
This has led us to believe that suspended solids occasionally make the
canal discharge heavy enough to make it sink, Whether it actually becomes
a dense bottom current or it spreads out at some depth below surface cannot
be determined from the sparse data available, When sufficient sediment has
settled down the plume would become lighter and start rising. In fact
"pockets" of lower salinity water have been found at the surface within
2 to 3 km northeast of the canal mouth, which supports this theory. A
much more detailed study, than possible in this project, of this particular.
problem could yield wvaluable information on the dynamic interaction between
the canal discharge and the bay water, This information, in turn, could
lead to a better understanding of the ecological impact of the canal and
its effect on the general stratification of the Bay.

The recorded bottom and surface turbidities show a rapid decrease in
turbidity away from the Canal del Dique. Two other source areas appear to
be located on the east coast of the Bay and the Boca Grande area, No
clear picture can be discerned from the data, possibly due to the fact that
the water samples for each chemistry cruise were collected over a total
period of 4-5 days. To be useful as a tracer, turbidity would probably

have to be sampled daily over a period of 10-20 days.
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Finally,-the hypothesis that at times the Canal del Dique discharge
may actually sink below the surface due to its suspended solid load has
been made and partially substantiated with turbidity and salinity measure-

ments. This phenomenon and the correlation between freshwater discharge

and Bay stratification characteristics are interesting and important
problems warranting further investigation. The data collected as part of
this project should be useful as a basis for comparison in future studies
and to evaluate long term changes in the Bay.

In summary, the field data show that the inflow from Canal del Dique
causes the Bay to stratify into a two-layer type situation. Under these
conditions, which can be expected to persist from March-April to November-
December every year the water exchange rate in the surface layer is en-
hanced due to baroclinic circulation and a reasonable flushing time
estimate is 11 days. During this period very little exchange takes place
in the bottom, which is estimated to have a flushing time of the order of
months.,

In the winter months the Bay destratifies and although the flushing
time may be greater than 11 days because of lack of density currents the
well-mixed conditions allow significant vertical mixing to take place.

The strong northerly winds during this period can provide the necessary

energy input to effect mixing and to generate horizontal advection.
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6. Model Formulation

Cartagena is one of the most important Colombian sea ports. The city
itself has an interesting history going back to the initial colonization of
the Spaniards, and is a popular seaside resort that attracts tourists from
many places. A very diverse industry, taking advantage of the excellent
port facilities, has also grown out especially along the eastern shoreline
of the Bay, It i1s apparent that both tourist and other industries will
expand considerably in the future and that the impact of future developments
on the water quality in Cartagena Bay need to be considered in the regional
plans. The present investigation is partially addressed towards this
problem and one of the objectives is to develop a model that can describe
the existing processes in the Bay as well as evaluate the effect of various
changes in the controlling input parameters.

In 1974 Schaus developed a vertically averaged finite difference model
of the Bay and considered the effect on circulation from various hypo-
thetical modifications to the physical boundaries of the Bay, In view of
our present knowledge with regard to the stratification of the Bay the
work of Schaus is of little value in describing the actual dynamics of
the water motion in the Bay.

A model describing the dynamics of a two layered water body has been
developed by Wang and Connor (1975), This model is a reasonable approxi-
mation when a water body consists of two layers of fairly uniform but
different densities. Although the surface layer in Cartagena Bay is not

very uniform in density a two layer model may provide a first approximation
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explaining the salient features of the stratified flow problem, The
velocity profiles taken at Boca Chica seem to indicate a twolayer
structure while other profiles show more of a continuous shear dis-
tribution. These current measurements are subject to considerable
uncertainty, as previously mentioned, because of wave action.

The model is based on the equations of motions integrated vertically
within each layer. The interface is assumed to be a material surface
through which momentum can be transferred and across which the pressure
is continuous. Any exchange of mass between layers must be parameterized
externally. Since vertical accelerations can be expected to be negligible
compared with gravity, the hydrostatic approximation is also introduced.
Finally the Boussinesq approximation is applied so that density variations

are only included when multiplied by gravity. The equations then become

for layer 1, (bottom):

H1,t + qlx,x + qu,y =0
Qg e * 0 o F (9y) o = Fayy - Py = Frd x
+ F + i—{r -1, + p,n - Pala L
lyx,y P1 1x 0x 1'1,x 070,x
qu,t t (vlqlx),x + (quly),y = _fqlx + ley,x

1
- (F, ~-F + - T, + - }
Frp = Frgy) oy EI{le oy ©~ P1M1,y T Poo,y

for layer 2, (top):

H 0

2,t + q2x,x + qu,y =
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q2x,t + (u2q2x?,x + (u2q2y) fq2y - (F2p - FZxx),x

Y

l -—

P,y t B';[sz T1x Y P2"2,x T P1Mx

}

+ (v + (v

Y2y,t 2q2x),x 2q2y),y = gy t F2xy,x

}

. .
- (F, - F + -1, + -
Fap ™ Fayy) oy ¥ 0, Ty T Ty P2,y T PNy

where, see also Fig. 6.1

H = layer thickness

qX,qy = discharge in x and y directions
u,v = x and y velocities

f = Coriolis parameter = 2 Q@ sin ¢
Q = radian frequency of earth rotation
¢ = latitude

N = internal stresses

XX° yx© yy

p = pressure
T T = x and y shear stresses

Xy

P = pressure

n = surface elevation

a comma denotes partial differentiation with respect to the following

subscript(s) and the specific pressure force measures are
Ap
1 2 1 1 2 1
F. +->gH, +-g—H  + —p,H
1p 2 °1 2 P10 1 P10 111
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X

FIC. 6.1. Definition Sketch for Twolayer Model
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The surface stress due to wind is determined from

= U 2
T2 T Pair CD 10
where U10 is the wind speed 10 m above the surface, The drag coefficient
Cp can be calculated from the empirical formula
3

10) - 10 U10 in m/s

CD = (1.1 + 0.0536 - U
Finally the internal stress terms which arise due to averaging over

turbulent time scales and the vertical integration are parameterized using

an eddy viscosity formulation.

F =E,, ( + —= =1,2
X, xy ij axi ng

with subscripts denoting x (1) and y(2) direction,

The boundary condition for the problem consist of specified flow
perpendicular to the boundary or surface elevations.

The complexity of the equations require a numerical technique in
order to obtain a solution, The finite element method has been chosen here
because it allows conformity with a complicated geometry using relatively

few grid points.
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Ap
Jlg2,1 %2 2 1
Fop "2 8Hy *38 520 Byt oy P22

The pressures at the interface and bottom are

Py = Py + pyp8h,

Py = Py + pyo8H, + 0, 48H,)

Bottom shear stress is parameterized as

T
0x 2 2,1/2 Yx
P10 £fi1x 1y le

T q
0 2 2.1/2 y
— = ¢ (q +q,..7) / 1
P10 £ i1x 1y 2
H
1
where the friction coefficient is taken as the standard Darcy Weisbach

factor multiplied by 8.

The interfacial shear stresses are related to the square of the

velocity difference of the two layers

T
1x

_ 2 2,1/2
oo = Cl {ul uz) + (vl - v2) (uz ul)
R P s LA R
Tt T\ T Y V1™ "2 V27 "1
10
where Cl is an interfacial shear stress coefficient. The magnitude of C1

is not well-known except that it depends on the density difference

between layers and that its order of magnitude is close to that of Cf.
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7. Model Adaptation to Cartagena Bay

The main model modifications, compared to earlier applications in
Massachusetts Bay, consist of incorporating the capability of using
different boundary conditions in top and bottom layers and the possibility
of excluding elements in the bottom layer grid where the total water depth
is so small that a dense bottom does not exist.

The first change is necessary to treat the Boca Grande entrance
properly, since here the top layer has free exchange with the ocean while
the bottom layer essentially is bounded by land in the form of a sub-
merged plateau.

The second modification allows a better approximation of the actual
bathymetry and especially the shallow water near the edges of the Bay.

The finite element grids consisting of linear triangles for top and
bottom layers are shown in Fig . 7-1 . The intiial depth of the
surface layer 1s taken as 6 m throughout.

Although the real depth at Boca Grande is only a few meters, the
depth of the top layer in the model 1s contfolled by the interface position.
The error incurred thereby should be small since the velocities in this
area are fairly small, The effect of the submerged barrier is approxi-
mately simulated by using an increased friction factor of 0.0035 and
0.0030 in the row of elements closest to the Boundary. In the remaining
area a constant friction factor of 0.0025 which approximately corresponds

to a Manning coefficient of 0,025 in 17 m of water is used,
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The Canal del Dique discharge is accommodated as a point source of
strength 75 m3/s located at the mouth of the Canal,

The finite element grid employed consists of 101 elements and 71 Dodes
with an average Node distance of between 700 to 1000 m. The grid is a com-
promise between a desire to resolve all important bathymetric or geometric
features and efficiency of computation. The time step used for the com-
putations is 50 sec while the courant condition.using a distance of 1000 and
a depth of 28 m is 1000//9.81-28 = 60 sec. Computation of one time step on
a UNIVAC 1100 system takes approximately 1.5 sec CPU and 40 K words of

memory.
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8. Model Applications

Three model simulations are executed of the typical forcing con-
ditions in order to compare with field data and to determine transport
characteristics for situations where data are not available,

8.1 Tidal Flow

The most consistent forcing of the Bay is provided by the astro-
nomical tides. In order to simulate tidal currents appropriate boundary
conditions must be prescribed. A mean tidal amplitude of 0,12 m is
applied to the surface Of the open boundaries. The tidal curve is assumed
to be a sinusoid with a period of 45000 sec. Since the measured tides
do not provide enough resolution to determine whether phase lags less
than about 30 min exist two tests are made in the model. In the first
run it is assumed that the tides at Boca Grande and Boca Chica are in
perfect phase, For the second run Boca Chica is assumed to lag behind
Boca Grande by 30 min.

The results ére only moderately sensitive to such variations and
all the runs described in this report incorporate the 30 min lag.
Similarly, a constant discharge of 75 m3/s is included as a simple source
at the location of the mouth of Canal del Dique in all the simulated
runs,

The boundary conditions in the bottom layer consist of prescribed
normal flow equal to zero at Boca Grande and a sinusoidally oscillating
interface at Boca Chica. The amplitude for this oscillation is arrived at

by scaling the surface amplitude by the relative depth equal to bottom
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layer depth divided by total depth or 9/15 * 0.12 = 0.07 m. The inter-
face is assumed In perfect phase with the surface at this locations.

The model is stated from "cold", i.e. horizontal surface and inter-
face with zero velocity everywhere, and allowed to dissipate this initial
condition during the first 18000 sec.

The result of the tidal simulation in which an interface shear
coefficient of 0,003 is used are shown in Figs, 8.la to 8.le.

Comparing with the current meter results in the Punta Arenas area,
the model predicts somewhat smaller speed magnitudes, probably partly
due to the use of a mean tidal range of 0.24 m. However, the model also
shows fluctuations within a tidal period similar to those found in the
observations, It appears that an internal seiche mode is excited by
the tides.

The hypothetical trajectories of particles in top or bottom layers
are computed from the model results and shown in Fig. 8,2
which cover a 2.5 day period, These trajectories verify the previous
findings that exchange in the bottom layer are very slow, while flushing
in the top layer is of the order of 10 to 20 days with somewhat longer
times applying to the southern part of the Bay, Perhaps the biggest
surprise is fouﬁd in the trajectory of the particle in the top layer just
to the southeast of the Boca Chica opening, which shows a net motion away
from the ocean. All the other particles in the top layer move towards the
ocean as would be expected due to the constant freshwater inflow., A

possible explanation could be that due to the topography, which in this



Fig. 8.la.

62

Bottom Layer

Speed in cm/s

L
-
2.0 2.2 5
v, e °
< I’} > ~
11 ‘e
. 28 Jd.s -
~ >° 2.9 w "
4
T s
R
o 7 Pd
d 0 °
N Lo 0
s »
/
i -~
/\ .
- 30
o v
"i 7 3.3
N B
& 218
o 1
I .
k4
d .
‘o

Surface Layer

Predicted tidal currents in Cartagena Bay.
Time = LW + 9000 sec.

2.

dog

S



63

Bottom Layer

Speed in cm/s

. ® \
; >

—-‘————'—\

Fig. 8.1b. Predicted tidal currents in Cartagena Bay
Time = LW + 18000 sec.

Surface Layer



64

ro

i o &7 L2l
Bottom Layer ™~ '__\\\‘\\\w//////
——m

Speed in cm/s

Surface Layer

Fig. 8.1lc. Predicted tidal currents in Cartagena Bay

Time = LW‘+ 27000 sec.



85

Bottom Layer

Speed in cm/s

Surface Layer

Fig. 8.1d. Predicted tidal currents in Cartagena Bay.
Time = LW + 36000 sec.



66

Bottom Layer

Speed in cm/s

Surface Layer
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Fig. 8.2 Predicted particle trajectories for tidal forcing.
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area is complicated by islands, an embayment and several channels, a local
eddy occurs in the residual currents. More field data should be
collected to verify this phenomenon.

8.2 Southwesterly Winds

During most of the year, when the Bay is stratified, the winds are
moderate and variable. At times, a sea breeze is noticeable. The most
dominant wind direction seems to be from the southwesé. In oxder to
evaluate the effect of such winds the model is forced by a wind of 5 m/s
(Q 10 kn) from due SW.Tidal flow and freshwater inflow of 75 m3/s are
included as before. The wind drag coefficient CD = (1,1 + 0.0536'5.0)103
= 0.001368, and the wind stress is 0,00004 N/mz.

The computed velocity fields are shown in Figs, 8,3 a-8,3e, The
most conspicuous differences compared to the pure tidal flow case are
best demonstrated by the particle trajectories over 2.5 days shown in
Fig. 8.4. . There is an obvious southerly migration of particles
in the bottom layer, while the surface trajectories tend to follow the
wind. It should be noted that no attempts were made to adjust the ocean
boundary conditions to account for wind effects. The model is started
from "cold" and run for 60000 sec, and in plotting the particle
trajectories it is assumed that the velocity field computed during the
latter 45000 sec repeat continuously. Although, such an assumption
cannot be expected to be fully correct, the trend indicated by the
trajectories should at least represent the water motion during the

initial period of wind forcing. In the future it would be interesting
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to compare these results with those obtained by running the model over
a longer period,

The particle trajectories tend to follow the wind cirection, how-
ever, the velocity is somewhat smaller than those obtained with the
drogues. This is possibly due to the oversimplification committed in the
model in assuming the surface layer to be vertically homogeneous. To
resolve the near surface wind driven currents it appears that at least a
3-layer model would be necessary.

8.3 Northerly Wind

Strong winds out of the north persist_during part of the winter
months. During this period the stratification tends to break down
because minimal freshwater inflow arrives to the Bay, The two layer
model is therefore not applicable to describe the currents under these
conditions, however, it may provide some information on the mechanisms
instigating the destratification process,

A wind of 20 kn from the north is applied in the model, which is
again started from "cold". The tides are included as previously de-
scribed.

The computed velocity fields are shown iﬁ Figs, 85a to 8,5.
Significant differences are found in both layers compared to the pure
tidal situation, which is particularly evident in the particle
trajectories shown in Fig. 8.6, Due to the wind stress the
surface adjusts with an upwgrd slope in the dpwnwind direction as

the water is piled up against the southern boundary. This surface slope
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is accompanied by the usual opposite interface slope as dictated by
simple hydrostatics. When using an interfacial shear coefficient C1 = 0.003
the interface reached the surface at the northern end of the Bay after
approximately 50000 sec, and the simulation had to be stopped, By in-
creasing C1 to 0.01 the top layer depth in the north is about 2 m after
60000 sec and approximately 8 m in the southernmost part of the Bay. The
velocity fields shown are for C1 = 0.01, which is a very large almost un-
realistic value. As previously mentioned the main objective of making
this simulation is to learn more about the mixing mechanism due to wind
rather than to obtain realistic current fields. For the latter purpose

a different, perhaps unstratified model should be used.

The most evident destratification mechanism seemg to be the
elevation of the interface in the northern part of the Bay which then
allows exchange between the ocean at Boca Grande and more importantly
allows the wind to directly affect what was previously the bottom layer.
It is quite likely that breaking internal waves also are generated in
this situation leading to further mixing near the shores of the Bay.

These briefly outlined phenomena have not yet been verified by
field observations and are only considered as possible working hypotheses

at present,
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9. DISCUSSION

Although the results obtained during this project are somewhat
sketchy due to lack of sufficient current observations it is possible to
perform a preliminary evaluation of existing and hypothetical scenarios.
Two examples are considered in the following.

It has been shown that the freshwater inflow from Canal del Dique
plays an important role in the stratifiéation and flow patterns of the
Bay. There is considerable evidence that the stratification causes
minimal exchange to take place in the bottom layer of water stretching
from 6-10 m below surface and down. This evidence consists mainly in
direct current observations, model results and measurements of dissolved
oxygen. On the other hand a net flow is generated in the surface layer
due to the significant influx from the Canal, and this residual flow
helps flushing in the upper water column of the Bay, With this back-
ground it is interesting to consider various alternatives for the future
management of the canal. For example proposals have been formulated to
dredge the canal to a greater depth in order to allow more shipping
traffic. This in turn would probably result -in an increase in the volume
of water discharged by the Canal and therefore an even more distinct
stratification in the Bay. Consequently, it is possible that the present
destratification that occurs in the winter month and which provides some
reprieve in terms of mixing and increased DO near the bottom would not
occur or would be of shorter duration.

A natural question is then, what would an optimal discharge from

the Canal be? A simple answer can of course not be offered, however

3
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experience in other places indicate that a partially mixed structure
is desirable in terms of flushing and diversity of environmental con-
ditions, Whether this is achievable without significant compromises
in other areas seems to be a challenging subject for further research.
The sewage outfall of Cartagena which is presently located in the
northern part of the Bay near the Manzanille island is another structure
deserving some consideration in the future. The raw sewage is probably
a major contributor to the pollution load of the Bay and questions of
treatment and/or relocation of the outfall will eventually be posed,
Since our analysis shows that in all probability the flow in the Bay
surface layer containing much of the suspended or dissolyed sewage
would carry the pollutants towards the open ocean through the Boca
Grande entrance, it would seem attractive to relocate the outfall closer
to Boca Grande or even to outside of the Bay. A careful analysis of
the amount of treatment and the optimal point of discharge for the city
in the coming year is within the realm of the pogsible with the

information and models developed in this project.



85

10. CONCLUSION

Perhaps the most severe limitation to the efforts of the hydro-
dynamic inyestigations of Cartagena Bay has been the lack of a Colombian
counterpart who was qualified and had time to take an active role in the
data analysis and modeling effort, 1In spite of this, a number of
Colombian individuals have been involved and trained in the design and
actual process of data collection for a baseline study of the Bay,

The collected data already yilelds a reasonable picture of the
seasonal variations in flow and mixing characteristics,

Progress towards describing the short term and smaller scale hydro-
dynamics has been made with the development of a twolayer numerical model
for the Bay. Additional field work is needed to calibrate and verify
this model. In particular more data on current velocities and on Canal
del Dique discharges are needed,

The major highlights of our findings are that during the part of the
year when tﬂe Bay is stratified there is a net flux of water out through
the Boca Grande entrance. Estimates of flushing times due to tidal flow
in the surface layer made from salinity data and using the model both
result in approximately 10 days, Flushing in the bottom layer in this
period is very slow because of the barrier at Boca Grande and the
reduced vertical mixing,

During the winter months when the stratification breaks down fairly
rapid exchange is expected due to the strong northerly winds and en-

hanced mixing.
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Both the small amount of current data that has been analyzed and
the model indicate that internal wayes exist when the Bay is stratified.
These waves seem to have periods between 2-15 hrs and cause significant
currents of up to 5-10 cm/s. Thus they may contribute to horizontal
mixing and vertical‘mixing if the waves break.

The typical summer winds from SW can induce significant flows and
exchange, especially in the bottom layer. The prime driving mechanism in
this process is the setup in the surface as the surface water is piled
up against a shoreline and the subsequent barotropic tilting of the
interface.

The strong northerly trade winds during winter may trigger the
destratification process by inducing excessive tilt in the inte?faee.
However, the reduced inflow from Canal del Dique definitely also plays
an important role, When the stratification in the Bay has been broken
down, the tfade winds cause significant horizontal and vertical mixing
and exchange. This is also corroborated by the analysis of water quality
parameters and benthic communities.

The stratification found in the Bay is overwhelmingly dominated by
salinity variations. The temperature varies only little and ranges
between 27 to 31°C over a year. The prime source of freshwater iS the
Canal del Dique, which reaches up to 200 m3/s at peak discharge periods.
An interesting phenbmenon for which considerable circumstantial evidence
has been found is the possible sinking of the caﬁal discharge due to its

heavy sediment load.
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APPENDIX A

Program for Salinity from Conductivity and Temperature
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APPENDIX B

Program for Harmonic Analysis of Tides
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